Exposure to asbestos fibers increases the risk of mesothelioma in humans. One hypothetical carcinogenic mechanism is that asbestos fibers may directly induce mutations in mesothelial cells. Although the uptake of asbestos fibers by mesothelial cells is recognized, methods for the quantification of the uptake have not been well established. In the present study, we evaluated two distinct methods, using crocidolite fibers and MeT5A mesothelial cells. One method is histological evaluation using the cell block tech nique, which allows for the direct cross sectional observation of cells and fibers. We found the bright field observation with ×1000 magnification (oil immersion) of the sample with Kernechtrot staining was most suitable for this purpose. The other method is flow cytometric analysis, which permits the evaluation of a much larger number of cells. We observed that the side scatter (SSC) increased with the intracellular fibers, and that the "mean SSC ratio (treated/control)" was useful for quantification. We could collect the cells with abundant internalized crocidolite fibers by sorting. Results of the two methodologies were correlated well in the experiments. The quantities of internalized fibers increased with incubation time and loaded dosage, but they were inversely associated with cellular density in culture.
Introduction A sbestos is a naturally occurring mineral that is conventionally divided into two mineralogic groups: the serpentine group, which consists only of chrysotile (white asbestos), and the amphiboles, which include crocidolite (blue asbestos), amosite (brown asbestos), tremolite, anthophyllite, and actinolite. Among the amphiboles, only crocidolite and amosite have been widely utilized.
(1) Crocidolite fibers are somewhat brittle but are generally harder and more flexible than fibers of the other amphibole varieties. These straight, needle-like fibers are easily inhaled and will remain in the lungs. Indeed, crocidolite is known to be the most hazardous of all three of the principal commercial types of asbestos (chrysotile, amosite, crocidolite). (2) The associations between asbestos exposure and mesothelioma or lung cancer have been well established in numerous epidemiological investigations. (3, 4) Pleural and peritoneal mesotheliomas were reported to be associated with occupational exposures to crocidolite, amosite, and chrysotile. Mesothelioma may also occur among individuals living in the neighborhoods of asbestos factories or crocidolite mines and in persons living with asbestos workers. (5) To date, three hypotheses regarding the pathogenesis of asbestos-induced malignant mesothelioma have been proposed: (i) the "oxidative stress theory", (ii) the "chromosome tangling theory", and (iii) the "theory of adsorption of many specific proteins as well as carcinogenic molecules".
(1) The "chromosome tangling theory" suggests that asbestos fibers enter both the cytoplasm and the nucleus of mesothelial cells and can tangle with chromosomes during cell division. This theory relies on the fact that asbestos fibers (both crocidolite and chrysotile) enter mesothelial cells, a phenomenon that has been observed both in vivo and in vitro. (6) (7) (8) (9) Regarding the "oxidative stress theory", asbestos is known to adsorb DNA and generate 8-hydroxy-2'-deoxyguanosine (8-OHdG) on its surface regardless of its iron content, (10) and it has been demonstrated that internalized crocidolite fibers cause intracellular oxidation and induce DNA strand breaks in mesothelial cells. (11) In general, foreign bodies of fibrous shape can enter cells via several types of internalization pathways, including penetration without active cellular processes. With respect to crocidolite fibers in particular, it is known that they enter cells being covered by vesicular membrane structures, and F-actin and Rab5A assembly at the fiber has also been observed. (12, 13) These findings indicate that crocidolite fibers enter cells by endocytosis.
Crocidolite uptake by mesothelial cells has been regarded as difficult to quantify because of the difficulty in identifying intracellular fibers and distinguishing these fibers from extracellular fibers that lie either atop or underneath the examined cells. And because of this difficulty, the study of the role of crocidolite uptake has been quite limited. (11) In the present study, we evaluated two different methodologies for the quantitative evaluation of crocidolite uptake: the cell-block technique and flow cytometric analysis. With respect to flow cytometry, the side scatter (SSC) parameter has been reported to be useful for detecting nanoparticles in cells. (14, 15) In the previous study, we demonstrated that this parameter was also useful for asbestos detection (in its crocidolite, amosite, and chrysotile forms).
(12) Here, we studied and established the usefulness of these two methods for the quantitative evaluation of crocidolite uptake by mesothelial cells.
Materials and Methods
Materials. Crocidolite was obtained from the Union for International Cancer Control (UICC; Geneva, Switzerland) and suspended in normal saline (NS) at a concentration of 5 mg/ml. The fibers were sonicated for 1 h and forcibly dispersed by drawing them in and out through a 21-gauge needle attached to a 5-10 ml syringe.
Cell culture and preparation. The MeT5A cell line was obtained from the American Type Culture Collection (Manassas, VA). MeT5A cells were maintained in Medium 199 containing 0.685 mM L-glutamine supplemented with 2.2 g/L sodium bicar-A bonate, 10 ng/ml epidermal growth factor, 400 nM hydrocortisone, 870 nM human recombinant insulin, 25 mM HEPES, Trace Elements B liquid from Mediatech (Manassas, VA) and 10% FBS under 5% CO2 in air at 37°C.
The incubation time with crocidolite (1, 4 and 24 h), loading crocidolite dosage (1, 3, 5, 10 and 20 µg/cm 2 ), and density of cells (20, 30, 50 , 70 and 90%) were varied in each subsequent experiment, while the followings were used as standard condition: (1) MeT5A cells were plated at 2 × 10 4 cells/cm 2 in 6-cm dishes 24 h prior to the incubation with crocidolite, (2) then the cells were incubated with 5 µg/cm 2 crocidolite fibers for 2 h in the Medium 199 with 10% serum with the same ingredients described above.
After the incubation with the fibers, the cells were washed 3 times in phosphate-buffered saline (PBS) (D-PBS(−); Wako Pure Chem. Ind. Ltd., Osaka, Japan), and detached with 2.5 mg/ml trypsin and 1 mM EDTA, and then resuspended in the medium (for cell-block) or PBS.
Cell block technique. To prepare a cell-block sample, we centrifuged the cells that had been resuspended in the medium at 800 rpm (120 × g) for 5 min and replaced the supernatant liquid with 10% neutral buffered formalin (NBF). Next, the cells were embedded in paraffin to be handled as a routine tissue block and sectioned at a thickness of 4 µm. The cell-block sections were stained with hematoxylin-eosin (HE) or Kernechtrot. Kernechtrotstained sections were used for evaluation (cell counting).
Light microscopy. We used the Olympus BX51 microscope equipped with a UPLFLN 100XOI2 (Olympus, NA = 1.3-0.6, Tokyo, Japan) oil immersion objective. In dark field microscopy (DFM), an oil immersion dark-field condenser U-DCW (Olympus, up to NA 1.2) was used for observation at ×1000 magnification (oil immersion).
As for evaluation with bright field microscopy (BFM), the numbers of cells were counted in 3 randomly selected areas of high power field (HPF) (oil-immersion, ×1000) in each stained section of cell-block specimens, and only clearly identified straight fiber bundles with dark color were taken into account. In each experiment, we classified the cells into the following categories: (1) cells without crocidolite, (2) cells that included less than 5 bundles of crocidolite fibers, and (3) cells that included either 5 or more bundles of crocidolite fibers or clumps of crocidolite. Finally, the numbers of cells in each category were expressed as percentages of the total number of counted cells.
Transmission electron microscopy. Transmission electron microscopy (TEM) images were recorded using a JEM-1400EX transmission electron microscope (JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 100 kV. Ultrathin sections (85 nm) were prepared in epoxy resin by a Reichert ULTRACUTS at ambient temperature. The sections were transferred from water to 200-mesh Cu grids.
Flow cytometry. For flow cytometry, the cells were placed on ice until the analysis. A FACS Calibur (BD Biosciences, San Jose, CA) equipped with a 15-mW, air-cooled argon ion laser excitation light source (488 nm) was used in all of the experiments except for sorting the cells.
In the experiments using a FACS Calibur, all of the observations were obtained at a low flow rate, because the flow rate affects the measurements of flow cytometry. The voltage of the forward scatter (FSC) photodiode detector was set to E-1 with the amplification gain of 7.50 or 8.50 to ensure that all of the signals could be depicted on the data plot. The voltage of the photomultiplier tube power supply for SSC was set to 300 V with the amplification gain as 1.00. Both FSC and SSC were acquired with linear amplification as height signals. The data acquisition and analysis were performed using the Cell-Quest software package (BD Biosciences). The data acquisition stopped when 10,000 events were counted, and the mean of the SSC values was calculated and represented as the "mean SSC ratio (treated/ control)", which was the ratio to the mean of the SSC of the control sample within a range of FSC>200. In each analysis by flow cytometry, we prepared a control sample. The control cells were plated at 2 × 10 4 cells/cm 2 one day before the flow cytometric analysis and grown under the same conditions as the experimental samples of cells.
We performed cell-sorting of the MeT5A cells using a FACS Aria II (BD Bioscience). The applied crocidolite dosage was 20 µg/cm 2 , whereas the other conditions were the same as the standard condition. Data were acquired in linear scale as area signals. Cells with SSC of normal level were defined by gate P1, and cells with increased SSC were defined by gate P2. The cells within gates P1 and P2 were sorted into conical tubes, and made into cell-blocks.
Statistical analysis. Pearson product-moment correlation analysis was performed to evaluate the relationship between the SSC and the loading dosage of crocidolite or the density of the cells. The significances of the correlation coefficients were evaluated by Student's t tests. p<0.01 was considered statistically significant.
Results
Crocidolite fibers are best observed at ×1000 magnifica tion (bright field, oil immersion) in Kernechtrot staining with light microscopy. We performed cell preparation under the standard conditions described in the Materials and Methods section, and produced cell-block specimens of these cells (Fig. 1A , B, C and D) and the control cells without crocidolite ( Fig. 1E and F). We found that crocidolite fibers inside the cells were more easily detected with Kernechtrot staining than with routine HE staining ( Fig. 1A and B) , because crocidolite fibers with dark color contrasted better on the pink background of Kernechtrot staining than on the dark-purple background of HE staining. In comparison to DFM at the same magnification (×1000, oil immersion), identification of fibers inside cells with BFM was as easy and furthermore counting the number of intracellular fibers and separation of the intracellular fibers from the extracellular ones were easier in BFM with Kernechtrot staining (Fig. 1B, C and D) . In DFM, crocidolite fibers contrasted better, but cell boundaries were more obscure, and sometimes cell boundaries appeared bright, which could be mistaken as fibers. (Fig. 1E and F) .
Transmission electron microscopy revealed that most of the crocidolite fibers formed bundles of various sizes. We performed cell preparation under the standard condition described in the Materials and Methods section, and observed them with TEM (Fig. 2) . We found that most of the crocidolite fibers formed bundles at the uptake by mesothelial cells (Fig. 2 A, B, D and F) . Some bundles consisted of a few fibers, and others consisted of dozens of fibers. It was difficult to count the exact number of fibers included in each bundle, because fibers were so close and overlapped that it was difficult to separate them from one another. Both fiber bundles and individual fibers were engulfed by mesothelial cells at the cell surface with abundant microvilli, followed by the invagination of plasma membrane around them ( Fig. 2A, B, C and D) . Thereafter, they were present within the membrane-bound vesicles in the cytoplasm (Fig. 2E and F) . The results were consistent with those by light microscopy (Fig. 1A , B, C and D).
In flow cytometric analysis at the FSC threshold of 200, most of the detached crocidolite fibers were excluded.
At first we performed flow cytometric analysis of the MeT5A cells without crocidolite and the crocidolite fibers separately without the FSC threshold ( Fig. 3A and B) . The crocidolite fibers were suspended in normal saline in a concentration of 1 mg/ml. In the analysis of the MeT5A cells incubated with crocidolite, the MeT5A cells were prepared under the standard condition, and a subset of population with small FSC values (0-200) and a variety of SSC values was identified (Fig. 3C ). This subset corresponded to the crocidolite fibers that remained attached to the cell surface even after 3 washes with PBS but were thereafter detached with trypsinization and suspended to PBS. In the analysis of crocidolite fibers alone, when an amplification gain was 7.50 or 8.50, the percentage of crocidolite fibers with FSC>100 was 1.49% or 1.92%, and that with FSC>200 was 0.03% or 0.12%, respectively (Table 1 ). These observations suggest that 99.97% or 99.88% of crocidolite fibers can be excluded from the data with an amplification gain of 7.50 or 8.50, respectively, if the threshold value of FSC is set to 200.
The mean SSC increased with the incubation time and the quantity of crocidolite fibers inside cells. In this experiment, the incubation times with crocidolite were varied as experimental parameters (1, 4 and 24 h), while the other conditions were the same as the standard. The cell-block data indicated that the quantity of crocidolite fibers internalized in cells increased with the incubation time ( Fig. 4A and Table 2 ). Regarding the results of flow cytometry, the mean SSC ratio (treated/control) increased with the incubation time ( Table 2 ), suggesting that the mean SSC ratio (treated/control) increased with the quantity of crocidolite fibers internalized in cells. The cytograms indicated that the SSC tended to be higher as the incubation time became longer; however, even after 24 h, a certain number of cells remained with little or no increase in SSC (Fig. 4B ).
The cells with increased SSC tended to contain much more crocidolite fibers than the cells showing little or no increase in SSC. As for the sorting experiment, we found few cells in gate P2 in the analysis of the control cells whereas a significant number of cells were within gate P2 in the analysis of the treated cells with crocidolite (Fig. 5A) . Histological evaluation of the treated cells using the cell-block technique revealed that much larger amount of fibers were internalized in the cells within gate P2 than in the cells within gate P1 (Fig. 5B and Table 3 ).
The mean SSC ratio was directly proportional to the applied dosage of crocidolite. In this experiment, the applied crocidolite dosages were varied as experimental parameters (1, 3, 5, 10 and 20 µg/cm 2 ). Flow cytometric analysis was performed for evaluation. This experiment was performed twice under the same conditions (Test 1-1 and Test 1-2). The mean SSC ratio (treated/ control) increased with the dosage of crocidolite, and the cytograms indicated a similar pattern of SSC change compared with the experiment in which the incubation times with crocidolite were varied as experimental parameters (Fig. 6A) . We could observe the changes in SSC distribution visually in the light scatter histograms of the cells that had been exposed to different dosages of crocidolite (Fig. 6B) . To obtain a better perspective on the significance of SSC, the mean SSC ratios (treated/control) of cells treated with 1 to 20 µg/cm 2 crocidolite were displayed in a scatter diagram (Fig. 6C) . Linear approximation curves (Test 1-1: y = 0.0859x + 1.2172, r² = 0.9892; Test 1-2: y = 0.1051x + 0.9051, r² = 0.9904) were calculated and drawn. The correlation coefficients (r) were 0.995 (p<0.001) in both Test 1-1 and Test 1-2; thus, the mean SSC ratio was directly proportional to the applied dosage of crocidolite (p<0.001).
The mean SSC ratio was inversely associated with cell density (% confluence). In this experiment, the cell densities of crocidolite were varied as experimental parameters. MeT5A cells were plated at 0.7, 1.0, 1.5, 2.0 and 4.0 × 10 4 cells/cm 2 , and 24 h later, at the start of the incubation with crocidolite, the cell density (% confluence) of each of these dishes was 20, 30, 50, 70 and 90%, respectively. Flow cytometric analysis was performed for evaluation. This experiment was performed twice under the same conditions (Test 2-1 and Test 2-2). The mean SSC ratio (treated/control) increased inversely with the confluence of the cells. The cytograms demonstrated similar patterns of SSC increase to the cytograms for different incubation times or varying applied crocidolite dosage (Fig. 7A) . The changes of SSC distribution with respect to the cell density were described visually in the light scatter histograms (Fig. 7B) . To obtain a better perspective on the magnitude of SSC, the mean SSC ratios (treated/ control) of cells with 20-90% confluence were displayed in a scatter diagram (Fig. 7C) . Linear approximation curves (Test 2-1: y = -0.0118x + 2.22, r² = 0.925; Test 2-2: y = -0.0098x + 2.2138, r² = 0.9814) were calculated and drawn. The correlation coefficient (r) was -0.962 (p = 0.0089) in Test 2-1, and -0.991 (p = 0.0011) in Test 2-2; thus, the mean SSC ratio was inversely associated with cell density (p<0.01).
Discussion
In the present study, we evaluated two distinct methods for quantification of crocidolite uptake by mesothelial cells: the cellblock technique and flow cytometric analysis. Most of the crocidolite fibers formed bundles with electron microscopic analysis and are expected to be recognized by BFM at ×1000 magnification (oil immersion) under Kernechtrot staining. The mean SSC ratio (treated/control) of flow cytometric analysis increased with the amount of crocidolite fibers inside the cells; this phenomenon was confirmed by the cell-block technique and the sorting experiment. We then assessed the influence of applied crocidolite dosage and density of cells on crocidolite endocytosis using flow cytometry.
Regarding the quantification of crocidolite endocytosis, several methods have been used to differentiate between intracellular and extracellular fibers. In some earlier studies, the cell membranes were labeled with DiI prior to the incubation with crocidolite, and the fibers inside the cells were determined and counted by fluorescence confocal microscopy, based on the theory that fibers internalized in cells should exhibit fluorescence because these internalized fibers were encased in a sleeve of fluorescent cell membrane. (16, 17) Observation with TEM and DFM after trypsin/ EDTA treatment were also performed for similar quantification purposes. (17) (18) (19) The cell-block technique is a cross-sectional observation, and allows us to distinguish the fiber bundles inside the cells from those outside, although we have to pay attention not to misdiagnose certain artifacts such as crocidolite fibers transferred on cells during sectioning. This technique does not require expensive equipment, and cell-block samples can be applied to further experiments, such as immunohistochemistry. Crocidolite fibers are typically longer than 1 µm and possess a wide range of diameters because amphibole initially crystallizes as large crystals and subsequently disaggregates into smaller elongated crystals. (20) The diameter of crocidolite fiber is typically between 0.03 and 0.5 µm, and it is often smaller than 0.2 µm, which is usually regarded as the lowest value of resolution obtainable with conventional light microscopy. Therefore, we also tried to use DFM with which we could identify an object smaller than the lowest value of resolution, and found that DFM was not so useful as BFM of the same magnification (×1000) in this case, because of following three reasons: in DFM, (1) cell boundaries were more obscure so that differentiation between intracellular and extracellular fibers was more difficult, (2) sometimes cell boundaries or even cytoplasm appeared slightly bright and were difficult to be distinguished from the cross sectional view of fibers, (3) the effective numerical aperture (NA) was limited so that the resolution had to be lower than that in bright field observation. On the other hand, each section of cell-block sample has a thickness of approximately 4 µm; therefore, observation focusing on various depth levels can facilitate the detection of crocidolite fibers under BFM. Considering the fact that most of the crocidolite fibers formed bundles during uptake by mesothelial cells as indicated by TEM, we concluded that the cell-block technique is useful for quantification of crocidolite uptake, although we have to be aware that most of the "fibers" identified by light microscopy are actually fiber bundles. Flow cytometry is the study of cells as they move in fluid suspension, allowing multiple measurements to be obtained for each cell. In general, FSC is considered to provide information on the size of the cell, whereas SSC is thought to reflect the internal structure of the cell. We confirmed that the cells with increased SSC tended to contain larger amount of fibers than the cells with little or no increase in SSC by cell sorting and cell-block technique. By flow cytometric analysis, a much larger number of cells can be analyzed than by other quantification methods. In the present study, we analyzed 10,000 cells per each case. This larger sample size would produce smaller sampling errors for experiments. Moreover, the number of cells that are required for an analysis is small in comparison to the number of cells required to produce cell-block specimens. However, there are some important limitations in flow cytometric analysis. For one thing, because it is an indirect method for the evaluation of crocidolite uptake, many other factors can influence FSC and SSC. For instance, smaller mitotic nuclei have been reported to show decreased SSC relative to larger interphase nuclei. (21, 22) When crocidolite fibers are attached to the cell surface, SSC can increase. Therefore, it can be difficult to distinguish the fibers inside the cells from those attached on the surface of cells, even though most of the adherent fibers should have been detached theoretically after trypsin/EDTA treatment. Because of this uncertainty, the results of flow cytometric analysis should be confirmed with direct methods, such as the cell-block technique, particularly if these results are different from the initial expectations. For another thing, the practical In both of these tests, the mean SSC ratio was proportionally correlated with the applied dosage of crocidolite (p<0.001).
particle size limit for SSC detection has been reported as 0.15 µm although a significant amount of crocidolite fibers show smaller diameter. (23) In fact, crocidolite fibers have enough length for SSC detection and usually form bundles, so most of them should be detected by flow cytometric analysis, even though their influence on the degree of SSC increase may sometimes depend on their intracellular position.
We proposed these two methods because of their simplicity requiring neither high-level technique nor special equipment and of their high-throughput capacity. Size limit of detection appears to be the weakest point of these methods. However, on the assumption that fibers narrower than 0.1-0.2 µm would be internalized in cells by the same mechanism with fibers wider than 0.2 µm or fiber bundles, which was supported by the present TEM observation, we believe the amount of fibers evaluated by these two methods would represent the total amount of internalized crocidolite fibers.
In the flow cytometric analysis, the mean SSC ratio (treated/ control) increased linearly with the dosage of applied crocidolite; accordingly, the quantity of crocidolite inside the cells was thought as in direct proportion to the dosage of applied crocidolite within the range of 1 to 20 µg/cm 2 . We demonstrated that the mean SSC ratio, i.e. the quantity of crocidolite fibers inside the cells, was inversely associated with the density of the cells. In other words, the uptake of the crocidolite fibers increased as the cell density became lower. One possible explanation for this phenomenon is that lower cell densities result in wider spaces between cells, allowing cells to move more freely and encounter crocidolite fibers more frequently and thereby producing an increase in crocidolite uptake. In addition, there are certain protein receptors with expression levels that are highly dependent on cellular density in the culture dish. For example, high cellular densities produce low levels of transferrin receptor expression. (24, 25) The putative receptors for crocidolite endocytosis may also possess these types of cell density-dependent properties.
In the present study, we evaluated two methods for the quantitative assessment of crocidolite uptake. One method is the histological evaluation of cell-block samples whose effectiveness was verified by DFM and TEM, and the other method is the analysis by flow cytometry which was proved to be valid by cell-block technique and cell sorting. By the flow cytometric analysis, we found that the amount of crocidolite uptake by MeT5A cells increased in proportion with incubation time and dosage of crocidolite but decreased in proportion with the density of the cells. 
